Sediments from the Gulf of California contain sufficient amounts of thermally reactive organic matter to be considered fair-to-good potential petroleum source rocks. While sediments deposited within the present oxygen-minimum zone have the greatest amounts of organic matter, those deposited below the oxygen-minimum contain sufficient organic matter to be considered potential source rocks. The organic matter in the sediment is almost exclusively marine, Type II kerogen. Different techniques of determining kerogen composition produce generally compatible answers, although pyrolysis gives somewhat misleading results. Elemental analysis of the kerogen and vitrinite reflectance measurements indicate that the organic matter is not buried to sufficiently great depth for significant petroleum generation, despite the high temperature gradients.
INTRODUCTION
The objectives of this study are to characterize the amount and composition of organic matter preserved in Gulf of California sediment, especially as the sediment is related to the oxygen-minimum layer, and to determine the effect of regional heat flow on the thermal maturation of organic matter. We selected sediment samples from three locations cored during Leg 64. Sites 478 and 479 lie in the Guaymas Basin of the central Gulf of California. Hole 478 is in 1889 meters of water, below the present oxygen-minimum; Hole 479 was drilled in 747 meters of water, within the oxygen-minimum. Thus, we can compare the effects of the oxygen-minimum on the sedimentation of organic matter. The sediment is mainly Quaternary. In Hole 479, there may be a hiatus at about 390 meters, below which lie late Pliocene sediments (Y. Matoba, personal communication, 1979) . We also examined samples from Hole 476, which is near the mouth of the Gulf, on the continental margin of Baja California. This hole bottomed in granitic and metamorphic rocks; above lies a thin bed of early Pliocene or older sediment, rich in organic matter. We were interested in determining the petroleum-generating potential and kerogen composition of this layer.
For this study, we employed the techniques which we normally use to evaluate petroleum source-rock potential and temperature history (Hood et al., 1976) . We used the organic carbon content (C org ) and the hydrocarbons evolved during pyrolysis to determine the total amount of organic matter and the amount of thermally reactive organic matter, respectively. We measured the reflectance of vitrinite to determine the thermal maturity of the organic matter. We characterized the composition of the organic matter by several techniques, including an optical identification of macerals and a comparison of the pyrolysis-hydrocarbon yield with organic carbon content. We also isolated the kerogen of selected samples to make an elemental analysis of the kerogen.
AMOUNT OF ORGANIC MATTER
To evaluate the petroleum-generating potential, we determined the amount of organic carbon, or noncarbonate carbon, in the sediment. As a general rule, we regard 1.0 to 1.5% organic carbon as the minimum amount necessary to consider a sediment a potential petroleum source rock. The organic carbon content does not indicate, however, the proportion of organic matter convertible to petroleum. The thermal reactivity of organic matter is influenced by its composition and temperature history. Consequently, we use pyrolysis to estimate the amount of petroleum-like products that can be generated during heating. We used a pyrolysis-flameionization-detector technique (P-FID): The sample is heated to 75O°C, and the hydrocarbon yield is measured with a flame ionization detector. A sedimenfs pyrolysis-hydrocarbon yield must exceed 0.3% before it can be considered a potential source rock.
The samples contain 0.43 to 3.86% organic carbon (Table 1) , with a median value of 2.5%. These samples Although the content of organic matter is lower in Hole 478, many sediments contain sufficient organic matter to be considered potential source rocks. Therefore, the deposition of potential source rocks does not appear to be limited to those areas where the present oxygen-minimum layer impinges on the seafloor.
COMPOSITION OF ORGANIC MATTER
We characterized the kerogen composition by visual kerogen description, elemental analysis, and pyrolysis. The use of several techniques provided an important comparison of various kerogen typing methods.
Maceral Composition
We performed the visual kerogen analysis during the measurement of vitrinite reflectance; we described the maceral composition according to a four-part classification. Hydrogen-rich organic matter is classified as liptinite or amorphous kerogen, depending on whether it is structured (algae, spores, and so forth) or structureless, respectively. Vitrinite is hydrogen-poor organic matter, typically derived from woody land plants. Inertinite comprises thermally inert macerals, such as fusinite, semifusinite, and micrinite.
The visual kerogen analysis (Table 2) indicates that the organic matter is predominantly amorphous, with secondary amounts of liptinite. Amorphous kerogen is a common constituent in the kerogens of marine sediment and we believe that its origin is aquatic. The structureless appearance of the kerogen could reflect algal material without any original form or algae subsequently altered by bacteria. The liptinite comprises small ( = 2 µm) particles that fluoresce yellow under ultraviolet light. We believe that the origin of the liptinite is algal as well, but we cannot account for the difference in appearance between liptinite and amorphous kerogen, even though we have inferred a similar origin for the two macerals. Vitrinite and inertinite constitute less than 2% of the kerogen, except in Sample 478-16-4, 125-131 cm, where they make up 15 to 20%. The small component of terrigenous organic matter in this sediment contrasts with our examination of deep-sea sediment elsewhere (Hood et al., 1976; . The smaller proportions of terrigenous material in the Gulf sediment could reflect the restricted contribution of such material in this arid region. Alternatively, the rate of supply of terrigenous organic matter may be similar to that in other regions, but its effect may be diluted by the high accumulation rates of marine organic matter.
The kerogen in Sample 476-21-4, 70-74 cm differs from that in the other samples. It consists of small bodies (< 10 µm) exhibiting little or no fluorescence under ultraviolet light. The reflectance of this material (-0.2%) is less than that of the vitrinite in superjacent samples (-0.3%) but greater than that of amorphous kerogen (-0.1%). We believe the material is slightly altered amorphous kerogen. Pyrolysis results support this conclusion.
Sample 476-21-4, 70-74 cm represents the basal clays in Hole 476, which are rich in organic matter. Although the sample contains only 3.2% C org , a value similar to those of many others in our sample set, shipboard analyses indicate that this claystone can contain in excess of 7% C org . The deposit overlies granitic and metamorphic rocks and is associated with phosphatic and glauconitic sediment. Associated sands are well sorted, indicating some current energy. Consequently, although this deposit lies in 2400 meters of water, it might have been deposited in much shallower water, possibly in a shelf environment. It is difficult to conclude how extensive this potential source rock may be. It was not encountered in Hole 475, which seems to have penetrated the equivalent interval in still deeper water.
Elemental Analysis
We isolated the kerogens from several sediment samples to determine their elemental composition. Tissot et al. (1974) showed that the H/C and O/C ratios of kerogens can distinguish different types of organic matter and reveal changes in chemical composition that result from diagenetic and thermal alteration of the kerogen.
We prepared the kerogen concentrates by treating the chloroform-methanol-extracted samples with hydrochloric and hydrofluoric acid. The residue comprises kerogen and pyrite. With a few exceptions, the kerogen concentrates came from Hole 479. The analytical results are reported in Table 3 , and the atomic H/C and O/C ratios are displayed on a van Krevelen diagram (Fig. 1) . The curved lines in Figure 1 represent the compositional paths followed by different kerogen types during thermal alteration. Most of the kerogens from Leg 64 cluster to the right of the evolution path for Type II kerogen. Type II kerogen represents autochthonous, usually marine, organic matter deposited in a reducing environ- Note: "a" and "b" in sample designations indicate subsamples. a As a percentage of the kerogen. " "X" represents the population of all vitrinite reflectance measurements; "A" represents the population of measurements interpreted to be primary vitrinite. c %RQ + 95% confidence limit. (Tissot and Welte, 1978) . Elemental analysis and visual examination thus provide consistent indications of kerogen type.
One kerogen concentrate, Sample 478-16-4, 125-131 cm, has a composition differing considerably from the other samples. It is near the evolution path of Type III kerogen. This difference is explained by referring to the maceral composition of the sample (Table 2) , which shows that it is the only sample containing a significant proportion of vitrinite and inertinite (15 to 20%).
The thermal maturity of the sediment in the Gulf will be discussed later in this chapter; but we should note that the high O/C ratios of the kerogen indicate that the kerogens are thermally very immature.
Pyrolysis
The proportion of organic matter thermally convertible to petroleum is a function of the kerogen's composition, especially its hydrogen content. Espitalié et al. (1977) and have commented on the Use of the ratio of pyrolysis hydrocarbon yield to organic carbon content as an index of the kerogen's H/C ratio. Bordenave et al. (1970) had defined similar ratios, relating the amount of volatile carbon (C F ) to total carbon (Cj). Gransch and Eisma (1970) related the amount of residual carbon after pyrolysis (C R ) to total carbon (C7). The ratio of pyrolysis hydrocarbons to organic carbon (Table 1) should therefore provide indications of kerogen type similar to those provided by elemental composition on a van Krevelen diagram.
The ratio of pyrolysis hydrocarbons to organic carbon for the Leg 64 samples exhibits considerable variation, ranging from 0.12 to 0.54 (Table 1) . Applying published relations between pyrolysis yield per unit carbon and the hydrogen-to-carbon ratio (Espitalié et al., 1977; implies that the kerogens in this study have H/C ratios between 0.75 and 1.3: i.e., that the Leg 64 kerogens contain Type II and Type III kerogens. Visual kerogen analyses and actual determinations of elemental composition, however, indicate that the kerogens are uniform in composition and mostly Type II.
The anomalous indications of kerogen composition provided by the pyrolysis technique seem to result from the effect of the mineral matrix on the pyrolysis yield. Espitalié et al. (1980) and Monin et al. (1980) presented evidence that the mineral matrix, particularly clay, retains a portion of the hydrocarbons generated during pyrolysis. The proportion of the pyrolysate retained by the rock is greatest for the rocks with the least amount of organic matter. As a result, the pyrolysis yield per unit carbon is related not only to kerogen composition but also to the content of organic matter. This effect of the mineral matrix is illustrated in Figure 2 , where the pyrolysis yields of the Leg 64 sediment are plotted against organic carbon. The points define a trend in which the hydrocarbon yield approaches zero at about 1 °/o organic carbon. Previously, such a pattern was interpreted to indicate the presence of thermally inert organic matter. The sediment in the Gulf of California, however, contains only minor amounts of inertinite, and, consequently, the effect of mineral matrix seems a more reasonable explanation for the unusually low pyrolysis yields in samples with little organic carbon.
By taking the slope of the line defined by the points in Figure 2 , we can obtain an estimate of kerogen type-an estimate minimizing the effect of hydrocarbon retention by the mineral matrix. The result is a pyrolysis yield per unit carbon of 0.63, which corresponds to an H/C ratio of about 1.3. This estimate is consistent with the actual measurements of H/C (Table 3) . Consequently, it appears that pyrolysis can describe kerogen composition, but the technique is limited by the need to analyze several samples. Direct determination of elemental kerogen composition does not require several samples, but it involves a lengthy procedure to isolate the kerogen from the rock matrix, making it a more difficult analysis.
THERMAL MATURITY
To determine the thermal maturity of the sediment, we measured the reflectance (in oil) of vitrinite (Table  2) . For each sample, we have indicated the mean reflectance (R o ) of all reflectance measurements and have denoted this population with "X." We have also indicated those values we interpret as primary, unreworked, vitrinite with "A." When we could not distinguish primary from reworked vitrinite or when there were too few readings of primary vitrinite to be meaningful, no "A" value was given.
In the three holes, the profiles of vitrinite reflectance versus depth vary considerably in quality (Fig. 3A-C) . The samples from Hole 479 exhibit well-defined reflectance modes, increasing systematically with depth (Fig. 3C) . The trend is better than any found in our previous studies of cores from Deep Sea Drilling Project. But in a second preparation of Sample 476-3-4, 133-140 cm, we obtained a mean reflectance quite different from the first estimate (Table 2 ). The latter incident emphasizes the need for caution in interpreting the vitrinite reflectance data, even for holes where the data appear to be good. At low levels (<0.5), vitrinite reflectance changes very slowly with increasing rank. The samples in this study come from a narrow depth range, which may be insufficient to establish an accurate trend of reflectance versus depth. Furthermore, the vitrinite in the Gulf sediment constitutes only about 1 % of the total kerogen. The reflectance properties of vitrinite in these samples may not be the same as in a humic coal.
What can be said with reasonable certainty is that sediment from the three holes is thermally very immature and has not reached the stage of oil generation. The reflectance of primary vitrinite ranges from 0.22 to 0.36% whereas significant oil generation would not begin until about 0.5% vitrinite reflectance. The low level of maturity is confirmed by the previously reported analyses of elemental composition, which indicate that the sediment is still at an early stage of diagenesis.
Shipboard estimates of heat flow for Holes 476, 478, and 479 range from 2.4 to 2.8 µcal cm^s-1 , typical of the average values for mid ocean ridge axes (2.7 µcal cm~2s~1) and nearly twice the average for ocean basins (1.3 µcal cm~^-1 [Langseth and Von Herzen, 1968] ). Hole 479, which penetrated 440 meters of sediment, reached formation temperatures of 50°C, and the temperature gradient is about 0.1 °C/m (5.5°F/100 ft). Despite the high geothermal gradients in the holes, greater penetration would be necessary to reach the zone of pe- troleum generation. Philippi (1965) , for instance, determined that oil generation occurred at about 115°C in Miocene sediments of California. Because the Gulf sediment is primarily Plio-Pleistocene, petroleum generation probably requires temperatures of at least 115 °C or burial depths of 1100 meters. Sediment in the center of the Guaymas Basin is not that thick, but preliminary interpretation of seismic reflection lines indicates that sediment along the edge of the Guaymas Basin does exceed 1 km in thickness (J. R. Curray, personal communication, 1980) . CONCLUSIONS 1. The sediments from the Gulf of California exhibits fair-to-good potential as petroleum source rocks, although they are thermally immature. Although sediments lying within the present oxygen-minimum contain the greatest amount of organic matter, sediments below the oxygen minimum layer also contain sufficient organic matter to be considered potential source rocks.
2. Several kerogen-typing techniques indicate that the kerogen is Type II marine, implying that the sediments have the potential to generate oil. Possible retention of pyrolysate by the mineral matrix complicates analysis of kerogen type by pyrolysis.
3. Vitrinite reflectance and elemental analysis indicate that the kerogen is still at a very early stage of diagenesis. Temperature gradients imply that maturation at depths greater than 1 km is possible.
